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(54) Surveying and characterizing a 
region of an earth formation beneath a 
body of water 

(57) For surveying of a subterranean 
earth formation beneath a body of 
water, an electric dipole current source 
(2) is towed from a survey vessel (1) in a 
body of water (20) substantially parallel 
to the surface (21) of the body of water 
and separated from the floor (24) of the 
body of water by a distance less than 
approximately one-quarter of the 
distance between the surface and the 
floor. Alternating electric current, 
preferably including a plurality of 
sinusoidal components, is caused to 
flow in the source (2). An array of 
electric dipole detectors (36, 37, 38, 39) 
is towed from the survey vessel 
substantially col linearly with the 
current source with the detectors at 
selected spacrngs equal to the 
separation of the electrodes (33, 34) of 
source (2) behind the dipole current 
source (2). A gradient detector array 
(not shown) and an array of three-axis 
magnetic field sensors mounted in 
controllable instrument pods (not 
shown) may also be towed by the 
seismic vessel (1) in the water. 
Frequency-domain and time-domain 
measurements of magnetic and electric 
field data are obtained and analyzed to 
permit detection of hydrocarbons or 
other mineral deposits, or regions 
altered by their presence, within 
subfloor geologic formations covered 
by the body of water. 
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SPECIFICATION 

Surveying and characterizing a region of an earth 
formation beneath a body of water. 

5 

The present invention relates to surveying and 
characterizing a region of a subterranean earth for- 
mation beneath a body of water and more particu- 
larly, though not exclusively, to methods and 

10 apparatus for positioning a source of alternating 
electric current in a body of water and measuring 
characteristics of the resulting electric and mag- 
netic fields in the body of water at locations away 
from the current source. 

15 Electromagnetic survey systems are being used 
increasingly to explore for oil and gas on land. 
However, at present, practical methods for explor- 
ing for oil and gas in the offshore environment are 
restricted to the measurement of the natural mag- 

20 netic and gravitational fields at the earth's surface, 
of the reflection of seismic energy from subsurface 
structures, or the seepage of chemical substances 
from mineral deposits beneath the sea floor into 
the seawater or atmosphere. Although passive 

25 techniques such as natural-source magnetotellurics 
can provide useful information about the lower 
crust and upper mantle, electromagnetic sounding 
techniques employing an active source are better 
suited for surveying subterranean formations 

30 within five to ten kilometers beneath the seafloor. 
Because practical techniques for active electromag- 
netic sounding of earth formations beneath the 
seafloor have not hitherto been known, the electri- 
cal structures of continental margins and offshore 

35 basins remain largely unknown, despite the scien- 
tific and economic importance of these areas. 

Magnetotelluric methods for exploring the elec- 
trical structure of such relatively shallow geologic 
formations beneath the sea have limited practical- 

40 ity due to a lack of signal at the high frequencies 
(above .1 Hz) needed to probe rocks disposed at 
shallow depths beneath the seafloor. Incident elec- 
tromagnetic waves having such high frequencies 
are attenuated by the sea. In shallow water, where 

45 this attenuation is reduced, electromagnetic noise 
may render such methods impractical. 

"Resistivity" methods using an active source of 
direct electric current, or very low frequency alter- 
nating current (having a frequency sufficiently low 

50 that induction affects are insignificant), have been 
proposed for determining the apparent resistivity 
of geologic formations beneath the sea. For exam- 
ple, U.S. Patent 4,298,840 issued November, 3 1981 
to Bischoff et al discloses a method and apparatus 

55 for determining the apparent resistivity profile of 
the seafloor using a bottom-towed cable. The bot- 
tom-towed cable of Bischoff et al includes a pair of 
current supply electrodes, for supplying to the 
water bottom low frequency alternating electric 

60 current. The bottom-towed cable also includes sev- 
eral receiver electrodes. The potential differences 
between pairs of the receiver electrodes are meas- 
ured. Bischoff et al discloses no electromagnetic 
sounding method employing a variable frequency 

65 source, fails to discuss the optimal absolute spac- 



ing between the source and the center point of 
each receiver electrode pair, and fails to discuss 
the manner in which the optimal source operating 
frequency may be selected. Nor does Bischoff et al 

70 disclose any method for determining the depth of 
a resistive layer buried beneath the seafloor. Nor 
does Bischoff et al teach or suggest towing the 
source and receiver electrodes above the seafloor. 
U.S. Patent 3,052,836 issued September 4, 1962 

75 to G.W. Postma discloses a method and apparatus 
for marine electrical prospecting which uses an ac- 
tive alternating current source having two elec- 
trodes and an electrical receiver circuit having two 
electrodes. Postma requires that at least one cur- 

80 rent source electrode and both receiver circuit elec- 
trodes be towed through the water within a few 
feet of the seafloor. Postma teaches that there will 
inherently be electromagnetic coupling directly be- 
tween the source and receiver circuits which cou- 

85 pling is independent of the characteristics of the 
earth formation beneath the seafloor. To eliminate 
the effect of this direct coupling on the signal 
measured by the receiver circuit, Postma teaches 
imposing an adjustable transfer impedance be- 

90 tween the source and receiver circuits. Postma 
does not discuss how the distance between the 
source and receiver circuits may be adjusted to re- 
duce the direct electromagnetic coupling therebe- 
tween. Postma discloses no preferred source- 
95 receiver spacing nor optimal source operating fre- 
quency. Postma fails to disclose any method for 
determining the depth of a resistive layer buried 
beneath the sea floor. 
U.S. Patent 2,531,088 issued November 21, 1950 

100 to R.R. Thompson discloses another method for 
measuring the resistivity of a geological formation 
beneath a body of water which involves dragging a 
cable, including a pair of current electrodes and a 
plurality of potential electrodes, along the bottom 

105 of the water. The source electrodes emit a very low 
frequency (less than 1/3 Hz) sinusoidal signal or a 
periodically reversed (at a frequency less than 2/3 
Hz) DC signal. The potential difference between 
pairs of the potential electrodes are measured. 

110 Thompson fails to disclose any method using a 

variable frequency source or any method for deter- 
mining the depth of a resistive layer buried be- 
neath the water bottom. 
U.S. Patent 3,182,250, issued May 4, 1965 to F.M. 

115 Mayes; U.S. Patent 2,872,638 issued February 3, 
1959 to S.B. Jones; and U.S. Patent 2,839,721 is- 
sued June 17, 1958 to L. DeWitte also disclose 
methods for measuring the resistivity of subfloor 
earth formations employing DC or very low-fre- 

120 quency active sources, but do not disclose any 
method using a variable frequency source. 

In addition to such resistivity methods, electro- 
magnetic sounding methods using a variable fre- 
quency active source have been proposed. For 

125 example, the article "Electromagnetic investigation 
of the Seafloor", Geophysics, Volume 35 No. 3 
(June 1970), pages 476-489, by J.H. Coggon et al 
provides background discussion of the theory un- 
derlying such variable frequency active source 

130 methods, and suggests that the subfloor structure 
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could be effectively probed by a system employing 
a vertical magnetic dipole source disposed at, or 
just above the seafloor and operated in a selected 
frequency range dependent on the conductivity of 
5 the subfloor structure and the source-to-receiver 
spacing. The Coggon et al paper discusses only a 
survey system employing a vertical magnetic di- 
pole source and does not suggest any method us- 
ing a tuned receiver array or any method for 
10 determining the depth of a buried resistive layer. 
U.S. Patent 4,047,098 issued September 6, 1977 
to Duroux discloses an electromagnetic active 
source sounding method employing an electric or 
magnetic dipole source and receivers towed at the 
15 surface of a body of water behind a seismic vessel. 
Duroux employees a pair of electrodes as a re- 
ceiver for measuring the component of the electric 
field transverse to the direction of tow. Duroux 
also suggests measuring the radial and vertical 
20 components of the magnetic field at the surface of 
the water but does not describe any particular ap- 
paratus for so measuring the radial and vertical 
magnetic fields. Duroux teaches that the source-re- 
ceiver spacing should be large relative to the de- 
25 sired investigation depth, and should preferably be 
at least double the desired investigation depth. Du- 
roux does not suggest a preferred operating fre- 
quency for the dipole source and does not suggest 
disposing the source or receiver near the seafloor 
30 or indeed at any position below the surface of the 
body of water. Nor does Duroux suggest any 
method using a tuned array of electric dipole re- 
ceivers or any method for determining the depth 
beneath the seafloor of a buried resistive layer. 
35 According to the invention from a first aspect, 
there is provided a method for surveying and char- 
acterizing a region of an earth formation beneath a 
body of water having a surface and a floor, said re- 
gion extending to a first depth below the floor, 
40 comprising the steps of: 

positioning an electric dipole current source, in- 
cluding a pair of source electrodes separated by a 
first distance, substantially parallel to the surface 
of the body of water and separated from the floor 
45 by a second distance, the second distance being 
less than approximately one-quarter of the dis- 
tance between the surface and the floor; 

causing alternating electric current to flow in the 
source, said current including a first sinusoidal 
50 component having a selected frequency; 

measuring a current characteristic of said cur- 
rent; 

positioning at least one electric dipole detector, 
including a pair of detector electrodes separated by 
55 a third distance substantially equal to said first dis- 
tance, substantially collinear with the current 
source and spaced from the current source by a 
fourth distance; 

measuring a characteristic of the potential differ- 
60 ence between the pair of detector electrodes; and 
determining a characteristic of the complex mu- 
tual impedance of the current source and the or 
each dipole detector from said current characteris- 
tic and said potential difference characteristic. 
65 According to a second aspect of the invention 



there is provided a method for surveying and char- 
acterizing a region of an earth formation beneath a 
body of water having a surface and a floor, said re- 
gion extending to a first depth below the floor, 

70 comprising the steps of: 

positioning an electric dipole current source in- 
cluding a pair of source electrodes separated by a 
first distance, substantially parallel to the surface 
of the body of water and separated from the floor 

75 by a second distance; 

causing alternating electric current to flow in the 
source, said current including a first sinusoidal 
component having a selected frequency; 
measuring a current characteristic of said cur- 

80 rent; 

positioning at least one electric dipole detector, 
including a pair of detector electrodes separated by 
a third distance substantially equal to said first dis- 
tance, substantially collinear with the current 
85 source and spaced from the current source by a 
fourth distance, said fourth distance being approxi- 
mately equal to an integral multiple of the wave- 
length of electromagnetic radiation having said 
selected frequency in the body of water; 
90 measuring a characteristic of the potential differ- 
ence between the pair of detector electrodes; and 
determining a characteristic of the complex mu- 
tual impedance of the current source and or each 
dipole detector from said current characteristic and 
95 said potential difference characteristic. 

A third aspect of the invention provides a system 
for surveying and characterizing an earth formation 
beneath a body of water having a surface and a 
floor, comprising; 
100 a floating vessel; 

an electric dipole current source including a pair 
of source electrodes separated by a first distance, 
towed from said floating vessel in the body of 
water substantially parallel to the surface of the 
105 body of water; 

means for generating alternating electric current 
in the electric dipole current source, said current 
including a sinusoidal component having a se- 
lected frequency; 
110 at least one electric dipole detector including a 
pair of detector electrodes separated by a second 
distance substantially equal to said first distance, 
towed by said floating vessel in the body of water 
substantially collinearly with the current source 
115 and spaced from the current source by a third dis- 
tance approximately equal to an integral multiple 
of the wavelength of electromagnetic radiation 
having said selected frequency in the body of 
water; 

120 means electrically coupled to the electric current 
generating means for measuring a current charac- 
teristic of said current; 

means electrically coupled to the electric dipole 
detector or detectors for measuring a characteristic 

125 of the potential difference between the pair of de- 
tector electrodes; and d 

means electrically coupled to the current charac- 
teristic measuring means and the potential differ- 
ence characteristic measuring means for 

130 determining a characteristic of the complex mutual 
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impedance of the current source and the or each 
detector from said current characteristic and said 
potential difference characteristic. 

According to a fourth aspect of the invention, 
5 there is provided a system for surveying and char- 
acterizing an earth formation beneath a body of 
water having a surface and a floor, comprising; 

a floating vessel; 

an electric dipole current source including a pair 
10 of source electrodes separated by a first distance, 
towed from said floating vessel in the body of 
water substantially parallel to the surface of the 
body of water; 
means for generating alternating electric current 
15 in the electric dipole current source; 

at least one electric dipole detector including a 
pair of detector electrodes separated by a second 
distance substantially equal to said first distance, 
towed by said floating vessel in the body of water 
20 substantially collinearly with the current source 
and spaced from the current source by a third dis- 
tance; 

means electrically coupled to the electric current 
generating means for measuring a current charac- 

25 teristic of said current; 

means electrically coupled to the electric dipole 
detector or detectors for measuring a characteristic 
of the potential difference between the pair of de- 
tector electrodes; 

30 means electrically coupled to the current charac- 
teristic measuring means and the potential differ- 
ence characteristic measuring means for 
determining a characteristic measuring means for 
determining a characteristic of the complex mutual 

35 impedance of the current source and the or each 
detector from said current characteristic and said 
potential difference characteristic; and means for 
controlling the depth beneath the surface at which 
the current source and the detector are towed, so 

40 that the current source and the detector may be 
towed at a selected depth greater than approxi- 
mately three quarters of the distance between the 
surface and the floor of the body of water. 
In accordance with one way of putting the inven- 

45 tion into effect, a dipole current source is towed 
from a survey vessel in a body of water substan- 
tially parallel to the surface of the body of water 
and separated from the floor by a distance less 
than approximately one-quarter of the distance be- 

50 tween the surface and the floor. Alternating electric 
current is caused to flow in the source, said current 
including at least one sinusoidal frequency compo- 
nent. At least one electric dipole detector, including 
a pair of detector electrodes, is also towed from 

55 the survey vessel substantially collinear with the 
current source and spaced from the current source 
by a distance substantially equal to an integral 
number of wavelengths of electromagnetic radia- 
tion propagating in the water and having fre- 

60 quency equal to that of the sinusoidal component. 
A characteristic of the current emitted by the 
source and a characteristic of the potential differ- 
ence between the pair of detector electrodes are 
measured. From these measurements, a character- 

65 istic of the complex mutual impedance of the cur- 



rent source and the dipole detector is determined. 
Preferably, the current emitted by the source in- 
cludes a plurality of sinusoidal components each 
having a distinct frequency. Preferably, several di- 

70 pole detectors are towed collinearly with the 

source. Measurements of the current characteristic 
and the potential difference characteristic should 
preferably be made at a plurality of frequencies for 
each source-detector pair. 

75 In addition to the electric dipole detector array, a 
gradient detector array is towed by the survey ves- 
sel in a position laterally separated from, or be- 
neath, the mid-point of the current source. The 
gradient detector array contains a pair of dipole 

80 antennae each terminating in a pair of electrodes 
electromagnetically coupled with the water and 
separated by a distance less than the distance be- 
tween the source electrodes. One dipole antenna is 
oriented substantially parallel to the current source 

85 and the other is oriented substantially orthogonal 
to the current source. Additionally, an array of 
three-axis magnetic field sensors mounted in con- 
trollable instrument pods are towed by the survey 
vessel on the flanks of the current source. 

90 Potential difference measurements at the elec- 
trode pairs of the gradient array and dipole array, 
and magnetic field measurements at the magnetic 
field sensors are made while the vessel is moving 
or stationary, and the measurements are inter- 

95 preted to permit the detection of hydrocarbons or 
other mineral deposits, or regions altered by their 
presence, within subfloor geologic formations cov- 
ered by the body of water. Frequency-domain 
measurements of magnetic and electric field data 
100 are analyzed to construct the complex impedance 
spectrum of the subfloor formation beneath each 
survey station. Time-domain measurements that 
may additionally be made include integration of 
portions of magnetic and electric field data re- 
105 corded following a transient output pulse from the 
current source to measure conventional chargea- 
bility in the subfloor formation. 

The invention will be better understood from the 
following description, given by way of example 
110 and with reference to the accompanying drawings, 
wherein :- 

Figure 1 is a vertical section through a body of 
water and earth strata below the water illustrating 
in simplified form a preferred embodiment of the 

115 present invention in the form of an offshore elec- 
tromaganetic surveying system; and 

Figure 2 is a top elevation view of the offshore 
electromagnetic surveying system. 
One preferred embodiment of the invention may 

120 be more easily understood with reference to Fig- 
ures 1 and 2. Figure 1 is a sectional view, taken in 
a plane perpendicular to surface 21 of body of 
water 20, illustrating in simplified form a portion of 
this preferred embodiment, of the invention. Survey 

125 vessel 1 tows neutrally buoyant, flexible electrical 
cable 30 in body of water 20. Cable 30 is deployed 
from reel 31 into body of water 20. Attached to the 
free end of cable 30 is fish 40, whose position and 
depth are controllable in response to control sig- 

130 nals generated aboard vessel 1. Although one fish 
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is shown in Figure 1, more than one may be at- 
tached to cable 30. Fish 40 may be selected from 
those commonly in use for controlling the position 
of a seismic streamer relative to a seismic vessel, 

5 such as those manufactured by Edo Corporation. 
Other means for controlling the depth and lateral 
position of any of the towed cables discussed 
herein, e.g., a paravane, may also be employed. 
The term "water" as used herein is meant to in- 

10 elude seawater, fresh water, swampwater, mud, 
marshwater, and any other liquid containing suffi- 
cient water to enable operation of the invention. 

Cable 30 contains at least six conductors {not 
shown) each surrounded by insulating material. 

15 Source electrode 33, electrically coupled to body of 
water 20 is formed by suitably stripping the insu- 
lating material from a first conductor of cable 30. A 
conductive member having large surface area may 
be coupled to the stripped conductor and mounted 

20 on cable 30 to form source electrode 33. Source 
electrode 34 is similarly formed by stripping the in- 
sulating material from second conductor of cable 
30. Electrode 33 and 34 are separated by a distance 
"a" and will collectively be referred to hereinafter 

25 occasionally as electric dipole current source 2. 
The first and second conductors of cable 30 are at- 
tached to an electric generator (not shown) aboard 
vessel 1 which energizes electric dipole current 
source 2. The generator is capable of producing 

30 variable output current {including sinusoidal cur- 
rent or current including at least two sinusoidal 
components having distinct frequencies) between 
electrodes 33 and 34. The electric generator may 
be selected from those known in the art, and is ca- 

35 pable of generating between source electrodes 33 
and 34 high peak currents {from about 10 3 Amp. to 
about 10 5 Amp.) at low voltages (from about 20 
volts to 200 volts), in a regulated manner. Alterna- 
tively, to minimize the required size of cable 30 

40 and the amount of power loss during transmission, 
high voltage AC power at 60 Hz may be transmit- 
ted from a generator aboard vessel 1 to a trans- 
former near electrodes 33 and 34, which in turn 
powers a variable frequency transmitter coupled to 

45 electrodes 33 and 34. A signal indicative of the out- 
put current between source electrodes 33 and 34 is 
generated and recorded by instruments (not 
shown) aboard vessel 1. 
Detector electrodes 36, 37, 38 and 39 may be 

50 formed, in a manner similar to that in which 
source electrodes 33 and 34 are formed, by strip- 
ping the insulating material from distinct conduc- 
tors of cable 30. Although, four detector electrodes 
are shown in Figure 1, it is within the scope of the 

55 invention as defined by the appended claims to 
employ more or less than four detector electrodes. 
The potential differences between electrodes 36 
and 37, and between detector electrodes 38 and 39 
are measured and amplified, and thereafter further 

60 processed and recorded by electrical equipment 
(not shown) aboard vessel 1. The measured data is 
interpreted in a manner to be discussed below, to 
permit characterization of each formation 23 be- 
neath floor 24 of body of water 20 and to locate re- 

65 gions in subfloor formation 23 which possess 



"anomalous" properties indicative of mineral de- 
posits. In a particular application, the measured 
data is interpreted to determine the presence and 
depth of a buried resistive layer, such as resistive 

70 layer 25, which has resistivity different from the 
average resistivity of that portion of formation 23 
above resistive layer 25. 

Each pair of detector electrodes between which a 
potential difference (or voltage) characteristic is 

75 measured will collectively be referred to as an 

"electric dipole detector." The electric dipole detec- 
tors will collectively be referenced to as the "elec- 
tric dipole detector array." 
It is preferred that electric dipole current source 

80 2 and the electric dipole detectors be towed sub- 
stantially collinearly, substantially parallel to sur- 
face 21, and in approximately the lower quarter of 
the column of water between surface 21 and floor 
24. As the depth below surface 21 at which dipole 

85 current source 2 and the dipole detectors are 
towed decreases to less than three quarters the 
distance between floor 24 and surface 21, the 
strength of the signal at the dipole detectors which 
is indicative of the electrical resistivity of subfloor 

90 formation 23 (the "anomaly" signal) rapidly de- 
creases due to masking by the water between floor 
24 and the dipole detectors. It is additionally desir- 
able to tow the apparatus within the lower quarter 
of the column of water between surface 21 and 

95 floor 24 because in that region, the sensitivity of 
the anomaly signal to the height above floor 24 at 
which the apparatus is towed is sufficiently weak 
that fish 40 need only control the actual tow depth 
to within about five percent of the desired tow 
100 depth. 

If electrodes 33 and 34 are separated by a first 
distance, and adjacent pairs of electrodes 36, 37, 
38 and 39 are also separated by substantially the 
first distance, then for direct detection of buried re- 

105 sistive layer 25 located a second distance, D, below 
floor 24, the midpoint of current source 2 and the 
midpoint of one of the electric dipole detectors 
should be separated by at least 2D, and preferably 
should be separated by at least 3D. Also for detec- 

110 tion of buried layer 25, the output current at cur- 
rent source 2 should preferably include a 
sinusoidal component having frequency equal to 
the "skin depth frequency" associated with buried 
resistive layer 25. Such skin depth frequency, equal 

115 to p/ir^D 2 , where p and \l are the average resistivity 
and magnetic permeability (respectively) of the re- 
gion of earth formation 23 above buried layer 25, 
is that frequency which makes the electromagnetic 
skin depth in the surveyed region of earth forma- 

120 tion 23 equal to the depth, D, of buried resistive 
layer 25. The effective depth to which the survey 
can penetrate earth formation 23 is determined by 
the electromagnetic skin depth, d, given by d 
(irjicrf) ,;2 , where f is the source frequency, and \i 

125 and a are the average magnetic permeability and 
average conductivity (respectively) of the surveyed 
portion of earth formation 23. Normally, \l will be 
substantially equal to jx 0 , the magnetic permeabil- 
ity of free space. 

130 The inventor has found that the influence of the 
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electromagnetic coupling directly between source 2 
and each dipole detector (which coupling is inde- 
pendent of the characteristics of earth formation 
23) on the potential difference measurements at 
5 such dipole detector may be desirably reduced by 
spacing each such dipole detector from the source 
an integral number, n, of wavelengths, X^, of the 
electromagnetic signal from source 2. Wavelength 
Xo> is given by the expression X,, = 2(irp„/}i 0 f )' 2 . 

10 where p w is the low-frequency electrical resistivity 
of body of water 20, \l 0 is the magnetic permeabil- 
ity of free space, and f is the source frequency. If 
source 2 and each dipole detector are so spaced 
from each other, all of the changes in the phase of 

15 the signal measured at each detector (relative to 
the phase of the ouput current at source 2) are due 
to electromagnetic signals propagating along or 
below floor 24. 
Thus, the array of dipole detectors can be tuned 

20 for maximum sensitivity to geologic structure by 
adjusting the source frequency and the spacing be- 
tween the source and dipole detectors. 

If it is desired to make the surveying system par- 
ticularly sensitive to a resistive layer buried at a 

25 depth D below floor 24, and if the average conduc- 
tivity, a, of earth formation 23 is known to a depth 
just above depth D, then the separation between 
source 2 and each dipole detector should be cho- 
sen to be substantially equal to an integral multiple 

30 of ttD^ct) 1 ' 2 and the source current should be cho- 
sen so as to include a sinusoidal component hav- 
ing frequency substantially equal to the skin depth 
frequency associated with depth D. 

It is desirable to generate, from the potential dif- 

35 ference measurements made at each dipole detec- 
tor, a signal indicative of the complex mutual 
impedance of source 2 and such detector. From 
analysis of variations or "anomalies" in the phase 
and amplitude of such complex mutual impedance 

40 signal the presence of a buried resistive layer such 
as layer 25 may be determined. The inventor has 
found that the depth to such buried layer may be 
estimated by employing a plurality of detector di- 
poles in the electric dipole detector array and em- 

45 ploying a variable frequency dipole source, and 
making potential difference measurements at each 
detector for each of a plurality of distinct source 
frequencies. In particular, it has been found that 
the frequency at which the phase or amplitude an- 

50 omalies indicative of buried layer 25 are at a peak 
(or maximum) will decrease as the separation be- 
tween source and detector increases, until such 
separation increases to a critical separation equal 
to three times the depth of buried layer 25 beneath 

55 floor 24. Beyond such critical separation, the value 
of source frequency giving the peak signal anomal- 
ies remains substantially constant. By determining 
the value of such substantially constant frequency, 
f c , the depth of buried resistive layer 25 may be es- 

60 timated as D 

{-rrjjLorfc) 1 *, where and a are the average magnetic 
permeability and conductivity (respectively) of for- 
mation 23 above buried layer 25. As noted above, 
y. is normally substantially equal to m*, the mag- 

65 netic permeability of free space. 



It is preferred that in addition to the electric di- 
pole detectors shown in Figure 1, additional elec- 
tric field and magnetic sensors (not shown in 
Figure 1 for simplicity) be towed from survey ves- 
70 sel 1. The structure and function of such additional 
sensors will be discussed below with reference to 
Figure 2. 

Figure 2 is a top elevation view of an offshore 
electromagnetic surveying system illustrating the 

75 preferred embodiment of the invention shown in 
Figure 1. The apparatus includes electric dipole 
current source 2 and an electromagnetic receiving 
system towed behind survey vessel 1, which floats 
in body of water 20. Electric dipole current source 

80 2 is towed from survey vessel 1 by flexible, neu- 
trally buoyant electrical cable 30. Electrodes 33 and 
34, which may be bare metal and formed in the 
manner discussed above with reference to Figure 
1, should have large surface area, to keep the peak 

85 current density as small as possible. Electrodes 23 
and 34 are electrically coupled to an electric gener- 
ator (not shown) aboard vessel 1. The generator is 
capable of producing variable current at electrodes 
33 and 34, as discussed above with reference to 
90 Figure 1. The receiving system includes an electric 
dipole detector array including detector electrodes 
36, 37, 38, and 39. It is within the scope of the in- 
vention to employ more or less than four detector 
electrodes in the dipole detector array. Controllable 
95 fish 40 is attached to the free end of electrical ca- 
ble 30 for positioning source 2 and the dipole de- 
tector array at a desired depth during a stationary 
or moving survey. Other means for controlling the 
depth or lateral position of any of the towed cables 

100 discussed herein, e.g., a paravane, may also be 
employed. The dipole detector array is towed sub- 
stantially collinearly with electric dipole current 
source 2, substantially parallel to surface 21 of 
body of water 20. In order to perform a "direct" 

105 survey (in which the target of the survey is buried 
a particular distance below floor 24, and the elec- 
trical properties of the portion of earth formation 
23 above the target are substantially unaltered by 
the target) of earth formation 23 to a sufficient 

110 depth for hydrocarbon exploration, a separation of 
up to three statute miles between current source 2 
and the dipole detectors may be desirable. At such 
a separation, source 2 should have dipole moment 
(defined as the product of the peak current and the 

115 separation between the source electrodes) on the 
order of 10 6 ampere-meters for the signal-to-noise 
ratio at the dipole detectors to be acceptable. How- 
ever, in performing an indirect "chimney-detec- 
tion" survey a much smaller source dipole 

120 moment (on the order of 10 3 ampere-meters) and 
much smaller source-to-detector separations are 
sufficient. 

For performing the direct survey method, the di- 
pole detectors preferably should have sufficient 

125 sensitivity to detect variations in electric field on 
the order of 2 x 10- 7 volts/meter, for operations in 
seawater where the source-to-detector spacing is 
about three statute miles, the source dipole mo- 
ment is about 10 s ampere-meters, and the detector 

130 array tow height above the seafloor is about 100 
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meters and the water depth exceeds about 400 
meters. Suitable detector electrodes may be 
formed in the manner discussed above with refer- 
ence to Figure 1. Alternatively, silver-silver chloride 
5 detector electrodes connected by salt bridges may 
be suitable. 

A buried resistive object, such as buried layer 25, 
may electrically alter a zone of subfloor formation 
23 (known as a "chimney") extending above the 

10 object very nearly to floor 24. In the case where 
buried object 25 is associated with such a chimney 
extending up to a very shallow depth beneath floor 
24, the chimney may be a detectable target for the 
subsystem consisting of source 2 and the electric 

15 dipole detector array. As noted above, the required 
separation between source 2 and the dipole detec- 
tors of the electric dipole detector array will be 
substantially less than in the case where no such 
chimney is associated with buried object 25. 

20 Wire antenna 41, whose function will be dis- 
cussed below, is also attached to, but electrically 
insulated from cable 30. Controllable fish 42 and 
43, are attached, respectively, to the ends of the 
antenna 41 for controlling the orientation of the 

25 antenna. 

The electromagnetic receiving system also in- 
cludes flexible, neutrally buoyant signal cable 16 
which tows first gradient array dipole antenna 17 
oriented substantially parallel to electric dipole cur- 

30 rent source 2, and second gradient array dipole an- 
tenna 18, oriented substantially perpendicularly to 
electric dipole current source 2. Gradient array di- 
pole antennae 17 and 18 will collectively be re- 
ferred to hereinafter as the "gradient" array. 

35 Controllable fish 19 is attached to the free end of 
cable 16 for positioning the gradient array at a de- 
sired position relative to current source 2. The 
electromagnetic receiving system also includes 
flexible, neutrally buoyant signal and power cable 

40 14 and flexible, neutrally buoyant, signal and 

power cable 15, which tow, respectively, first mag- 
netic field sensor pod 12 and second magnetic 
field sensor pod 13. 

Gradient array dipole antenna 17 includes detec- 

45 tor electrodes 44 and 45, which may be con- 
structed in the same manner as are electrodes 36, 
37, 38, and 39. Detector electrodes 44 and 45 are 
separated by a distance less than the distance be- 
tween adjacent pairs of electrodes 36, 37, 38, and 
50 39. Gradient array dipole antenna 18, which in- 
cludes detector electrodes 46 and 47, is identical to 
antenna 17, but is oriented orthogonally with re- 
spect thereto. Antenna 17 may be held orthogonal 
to antenna 18 with guy wires (not shown). Anten- 
55 nae 17 and 18 may alternatively be enclosed in a 
suitable instrument pod (not shown), which may 
be selected from those commonly used for marine 
applications. Antennae 17 and 18 should be towed 
in a position adjacent the midpoint of source 2, but 
60 located below or laterally displaced therefrom, and 
oriented so that the antennae are substantially par- 
allel to surface 21. The potential differences be- 
tween the electrodes of antenna 17 and between 
antenna 18 are measured and recorded by means 
65 of electrical instruments (not shown) aboard vessel 



1. The measured data, which has high resolution 
relative to the data recorded at electrodes 36, 37, 
38, and 39, is used to characterize the electric 
properties of the region of formation 23 located 
70 substantially directly below source 2 and within a 
short distance of floor 24. 

Magnetic field sensor pods 12 and 13 are identi- 
cal. Each contains a three-axis magnetic field sen- 
sor, selected from those commonly used for 
75 obtaining true vector magnetic field measure- 
ments, and a device for measuring the orientation 
of the magnetic field sensor. For example, a three- 
axis flux gate vector instrument package of the 
type manufactured by TRW, Inc. would be suitable 
80 for use as a magnetic field sensor. A three-axis ac- 
celerometer package of the type manufactured by 
S perry Corporation would be suitable for use as an 
orientation measuring device. Pods 12 and 13 may 
be selected from those commonly used for control- 
85 ling the vertical and horizontal position of a se- 
ismic streamer relative to a seismic vessel, such as 
those manufactured by Edo Corporation. The pods 
preferably should be towed symmetrically with re- 
spect to source 2, each in a position laterally 
90 spaced therefrom, and at a depth within body of 
water 20 substantially equal to the depth at which 
the electric dipole detector array is towed. It is 
within the scope of the invention as defined by the 
appended claims, however, to tow magnetic field 
95 sensor pods 12 and 13 at any desired depth within 
body of water 20. The measured vector magnetic 
field data is transmitted through cables 14 and 15 
to electrical instruments aboard vessel T and is re- 
corded. Electric field sensors may also be included 
100 in pods 12 and 13 and coupled to electrical instru- 
ments aboard vessel 1. It is within the scope of the 
invention as defined by the appended claims to 
utilize more than one pair of magnetic field sensor 
pods, positioned symmetrically with respect to 
105 source 2. 

Objects of finite size buried in subfloor formation 
23, and having resistivity contrasting with that of 
the average resistivity of the subfloor formation, 
will produce in response to the electric current 
110 emitted by dipole source 2, components of electro- 
magnetic fields in body of water 20 in the direc- 
tions perpendicular to the axis of electric dipole 
source 2. The strength of such perpendicular elec- 
tromagnetic field components will be greatest 
115 above the edges of the buried object (or the asso- 
ciated chimney thereabove). Thus, anomalies de- 
tected in the data measured by gradient array 
dipole antenna 18 and the magnetic field sensors 
in pods 12 and 13, will delineate the location of 
120 such edges. 

Also to facilitate delineation of the edges of finite 
buried targets, insulated wire antenna 41 is at- 
tached to electrical cable 30. The orientation of 
wire antenna 41 is controlled by steerable fish 43 
125 and steerable fish 42 attached, respectively, to the 
ends of wire antenna 41. In response to control 
signals generated aboard vessel 1, fish 42 and 43 
may be steered to control the orientation of an- 
tenna 41. In particular, by orienting antenna 41 
130 substantially parallel to surface 21, the changes in 
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the horizontal component of the electric field at an- 
tenna 41 may be measured and analyzed to deline- 
ate the edges of a buried resistive target in 
subfloor formation 23. If desired, several antennae 
5 similar to antenna 41 may be attached to cable 30 
at various separations from source 2. In an alterna- 
tive embodiment, antenna 41 may be maintained 
in position substantially perpendicular to cable 30 
by guy wires. 

10 

CLAIMS 

1. A method for surveying and characterizing a 
region of an earth formation beneath a body of 

15 water having a surface and a floor, said region ex- 
tending to a first depth below the floor, comprising 
the steps of: 

positioning an electric dipole current source, in- 
cluding a pair of source electrodes separated by a 

20 first distance, substantially parallel to the surface 
of the body of water and separated from the floor 
by a second distance, the second distance being 
less than approximately one-quarter of the dis- 
tance between the surface and the floor; 

25 causing alternating electric current to flow in the 
source, said current including a first sinusoidal 
component having a selected frequency; 

measuring a current characteristic of said cur- 
rent; 

30 positioning at least one electric dipole detector, 
including a pair of detector electrodes separated by 
a third distance substantially equal to said first dis- 
tance, substantially collinear with the current 
source and spaced from the current source by a 

35 fourth distance; 

measuring a characteristic of the potential differ- 
ence between the pair of detector electrodes; and 
determining a characteristic of the complex mu- 
tual impedance of the current source and the or 

40 each dipole detector from said current characteris- 
tic and said potential difference characteristic. 

2. A method according to claim 1, wherein said 
selected frequency is the frequency at which the 
electromagnetic skin depth in the earth formation 

45 is approximately equal to the first depth. 

3. A method according to claim 1 or 2 wherein 
said fourth distance is approximately equal to an 
integral multiple of the wavelength of electromag- 
netic radiation having said selected frequency in 

50 the body of water. 

4. A method for surveying and characterizing a 
region of an earth formation beneath a body of 
water having a surface and a floor, said region ex- 
tending to a first depth below the floor, comprising 

55 the steps of: 

positioning an electric dipole current source, in- 
cluding a pair of source electrodes separated by a 
first distance, substantially parallel to the surface 
of the body of water and separated from the floor 
60 by a second distance; 

causing alternating electric current to flow in the 
source, said current including a first sinusoidal 
component having a selected frequency; 
measuring a current characteristic of said cur- 
65 rent; 



positioning at least one electric dipole detector, 
including a pair of detector electrodes separated by 
a third distance substantially equal to said first dis- 
tance, substantially collinear with the current 

70 source and spaced from the current source by a 
fourth distance, said fourth distance being approxi- 
mately equal to an integral multiple of the wave- 
length of electromagnetic radiation having said 
selected frequency in the body of water; 

75 measuring a characteristic of the potential differ- 
ence between the pair of detector electrodes; and 
determining a characteristic of the complex mu- 
tual impedance of the current source and the or 
each dipole detector from said current characteris- 

80 tic and said potential difference characteristic. 

5. A method according to any preceding claim, 
wherein said first distance is approximately equal 
to the wavelength of electromagnetic radiation 
having said selected frequency in the body of 

85 water. 

6. A method according to any preceding claim, 
wherein the fourth distance exceeds about three 
times the first depth. 

7. A method according to any preceding claim, 
90 wherein the alternating electric current caused to 

flow in the source also includes a second sinuso- 
idal component having a second frequency differ- 
ent from said selected frequency. 

8. A method according to any one of claims 1 
95 to 6, wherein the alternating electric current caused 

to flow in the source includes at least two sinuso- 
idal components each having a distinct selected 
frequency, said mutual impedance characteristic 
being indicative of the average resistivity of the re- 
100 gion. 

9. A method according to claim 8, wherein the 
current characteristic which is measured is associ- 
ated with each of said sinusoidal components of 
said current, the characteristic of the potential dif- 

105 ference between the pair of detector electrodes is 
measured for each of the sinusoidal components 
of said current, and the characteristic of the com- 
plex mutual impedance of the current source and 
the or each electric dipole detector is determined 

110 for each of the sinusoidal components of said cur- 
rent. 

10. A method according to claim 8 or 9 wherein 
the lowest frequency sinusoidal component of said 
sinusoidal components of the current and the mu- 

115 tual impedance characteristics associated with said 
lowest frequency sinusoidal component are chosen 
so that said mutual impedance characteristics as- 
sociated with said lowest frequency sinusoidal 
component determine the average resistivity of a 

120 portion of the region located within a second depth 
from the floor, said second depth being less than 
the first depth. 

11. A method according to claim 10, wherein a 
plurality of electric dipole detectors are positioned 

125 in the body of water, and the complex mutual 
impedance characteristics are indicative of the 
presence of a resistive layer having resistivity dif- 
ferent from said average resistivity and located in 
said region at a third depth below the floor, said 

130 third depth being greater than said second depth. 
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said method also comprising the steps of: 

(a) determining the sinusoidal component for 
which the magnitude of the complex mutual 
impedance characteristics associated with a first of 

5 said plurality of detectors is an extremum; 

(b) repeating step (a) for a sufficient number of 
different detectors selected from said plurality of 
detectors for determining a minimum distance 
from the source beyond which minimum distance 

10 the same sinusoidal component is associated with 
each extremum magnitude of said mutual imped- 
ance characteristics associated with each detector 
separated from the source by a distance farther 
than said minimum distance; and 

15 (c) determining the third depth from said mini- 
mum distance and said average resistivity. 

12. A system for surveying and characterizing 
an earth formation beneath a body of water having 
a surface and a floor, comprising: 

20 a floating vessel; 

an electric dipole current source including a pair 
of source electrodes separated by a first distance, 
towed from said floating vessel in the body of 
water substantially parallel to the surface of the 

25 body of water; 

means for generating alternating electric current 
in the electric dipole current source, said current 
including a sinusoidal component having a se- 
lected frequency; 

30 at least one electric dipole detector including a 
pair of detector electrodes separated by a second 
distance substantially equal to said first distance, 
towed by said floating vessel in the body of water 
substantially collinearly with the current source 

35 and spaced from the current source by a third dis- 
tance approximately equal to an integral multiple 
of the wavelength of electromagnetic radiation 
having said selected frequency in the body of 
water; 

40 means electrically coupled to the electric current 
generating means for measuring a current charac- 
teristic of said current; 

means electrically coupled to the electric dipole 
detector or detectors for measuring a characteristic 

45 of the potential difference between the pair of de- 
tector electrodes; and 

means electrically coupled to the current charac- 
teristic measuring means and the potential differ- 
ence characteristic measuring means for 

50 determining a characteristic of the complex mutual 
impedance of the current source and the or each 
detector from said current characteristic and said 
potential difference characteristic. 

13. A system according to claim 12, also com- 
55 prising: 

means for controlling the depth beneath the sur- 
face at which the current source and the detector 
are towed, so that the current source and the de- 
tector may be towed at a selected depth greater 
60 than approximately three quarters of the distance 
between the surface and the floor of the body of 
water. 

14. A system for surveying and characterizing 
an earth formation beneath a body of water having 

65 a surface and a floor, comprising: 



a floating vessel; 

an electric dipole current source including a pair 
of source electrodes separated by a first distance, 
towed from said floating vessel in the body of 
70 water substantially parallel to the surface of the 
body of water; 

means for generating alternating electric current 
in the electric dipole current source; 
at least one electric dipole detector including a 
75 pair of detector electrodes separated by a second 
distance substantially equal to said first distance, 
towed by said floating vessel in the body of water 
substantially collinearly with the current source 
and spaced from the current source by a third dis- 
80 tance; 

means electrically coupled to the electric current 
generating means for measuring a current charac- 
teristic of said current; 

means electrically coupled to the electric dipole 

85 detector or detectors for measuring a characteristic 
of the potential difference between the pair of de- 
tector electrodes; 

means electrically coupled to the current charac- 
teristic measuring means and the potential differ- 

90 ence characteristic measuring means for 

determining a characteristic of the complex mutual 
impedance of the current source and the or each 
detector from said currenty characteristic and said 
potential difference characteristic; and 

95 means for controlling the depth beneath the sur- 
face at which the current source and the detector 
are towed, so that the current source and the de- 
tector may be towed at a selected depth greater 
than approximately three quarters of the distance 
100 between the surface and the floor of the body of 
water. 

15. A system according to claim 12, 13 or 14, 
also comprising: 

at least one antenna having an axis, towed by 
105 said floating vessel in the body of water so that 

said axis is substantially perpendicular to said elec- 
tric dipole current source. 

16. A system according to claim 12, 13, 14 or 
15, also comprising: 

110 a gradient detector array towed from the floating 
vessel in a position separated from the mid-point 
of the pair of source electrodes, including a first 
pair of electrodes oriented substantially parallel to 
the current source and separated by a fourth dis- 

115 tance less than said first distance, and including a 
second pair of electrodes oriented substantially or- 
thogonal to the current source and separated by a 
fifth distance less than said first distance; 
a first and a second controllable pod, each towed 

120 from the floating vessel in a position laterally sepa- 
rated from the current source; 

a first three-axis magnetic field sensor means 
mounted in said first controllable instrument pod 
for obtaining true vector magnetic field measure- 

125 ments; and 

a second three-axis magnetic field sensor means 
mounted in said second controllable instrument 
pod for obtaining true vector magnetic field meas- 
urements. 

130 17. A system according to claim 16 wherein: 



said first three-axis magnetic field sensor means 
includes a first orientation measurement system; 
and 

said second three-axis magnetic field sensor 
5 means includes a second orientation measurement 
system. 

18. A method for surveying and characterising 
a region of an earth formation beneath a body of 
water having a surface and a floor, substantially as 

10 hereinbefore described with reference to Figures 1 
and 2 of the accompanying drawing. 

19. A system for surveying and characterising a 
region of an earth formation beneath a body of 
water having a surface and a floor, substantially as 

15 hereinbefore described with reference to Figures 1 
and 2 of the accompanying drawing. 
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